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On ■ 
O 

L-) ■ We report the detection of Ovi AA1031, 1037 and Nv AA1238, 1242 absorption in 

\ a system of "mini-broad" absorption lines (mini-BALs) previously reported to have 

O variable C iv AA1548, 1550 in the quasar PG0935+417. The formation of these lines 

in an extreme high-velocity quasar outflow (with v ~ —50000 km s _1 ) is confirmed by 
the line variability, broad smooth absorption profiles, and partial covering of the back- 
ground light source. H I and lower ionization metals are not clearly present. The line 
profiles are complex and asymmetric, with Full Widths at Half Minimum (FWHMs) of 
different components in the range -660 to -2510 km s" 1 . The resolved Ovi doublet 
indicates that these lines are moderately saturated, with the absorber covering —80% 
of the quasar continuum source (C/ —0.8). We derive ionic column densities of order 
10 15 cm~ 2 in C iv and several times larger in Ovi, indicating an ionization parameter 
' of log U > —0.5. Assuming solar abundances, we estimate a total column density of 

JV ff ~5x 10 19 cm" 2 . 

Comparisons to data in the literature sho w that this outflow em erged sometime 
between 1982 when i t was clearly not pres ent ()Bechtold et al.l [l984f ) and 1993 when 
■ it was first detected (jHamann et al.lll997al ). Our examination of the C IV data from 

| 1993 to 2007 shows that there is variable complex absorption across a range of veloc- 

ities from —45000 to —54000 km s _1 . There is no clear evidence for acceleration or 
deceleration of the outflow gas. The observed line variations are consistent with either 
changes in the ionization state of the gas or clouds crossing our lines of sight to the 
continuum source. If the former case, the recombination times constrain the location 
!_J ' of outflow to be at a radial distance of r < 1.2 kpc with density of njj > 1.1 x 10 4 

cm -3 . In the latter case, the nominal transit times of moving clouds indicate r < 0.9 
pc. 

Outflows are common in Active Galactic Nuclei (AGN), but extreme speeds 
such as those reported here are extremely rare. It is not clear what properties of 
PG 0935+417 might produce this unusual outflow. The quasar is exceptionally lu- 
minous, with L — 6 x 10 47 ergs s _1 , but it has just a modest Eddington ratio, 
L/LecIcI ~ 0.2, and no apparent unusual properties compared to other quasars. In 
fact, PG 0935+417 has significantly less X-ray absorption than typical BAL quasars 
even though its outflow has a degree of ionization typical of BALs at speeds that 
are 2-3 times larger than most BALs. These results present a challenge to theoretical 
models that invoke strong radiative shielding in the X-rays/far- UV to moderate the 
outflow ionization and thus enable its radiative acceleration to high speeds. 

Key words: galaxies: active - quasars: general - quasars:absorption lines. 



1 INTRODUCTION 

Outflows are fundamental constituents of Active 
Galactic Nuclei (AGN). They are commonly de- 
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references therein) and might be ubiquitous if the absorbing 
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gas subtends only part of the sky as seen from the central 
continuum source. Indeed, the correlation between the black 
hole mass es (Mbh) and the masses of the host galaxies 
(M bulge - iGebhardt et~aTl l200d : iMerritt fc Ferraresel 120011 ) 
implies a connection between the inner AGN and its 
surrounding host galaxy which could b e partly explained 
by the "feedback" fro m AGN outflows i|Silk fc Reeslll998l ; 
|Pi Matteo et al.l 120051 1. AGN feedback might also play a 
role in blowing out the gas and dust from young galaxies 
and distributing metal-rich gas to the intergalactic medium. 

One of the difficulties in understanding the outflows 
revealed by absorption features in AGN spectra is their 
tremendous diversity. Outflows observed via resonant line 
absorption of ions such as C IV AA1548, 1550 have been pre- 
viously classified based on their widths. Broad Absorption 
Lines (BALs), which show typical widths of several thou- 
sands of km s _ , and outflowing Narrow Absorption Lines 
(NALs), with widths less than a few hundred km s _ , are 
the most commonly st u died classes of quasar outflow lines 
1 Wevmann et alJ Il98l1; iTurnshekl 1 19841; iFoltz et al.l Il986l; 



Wevmann et al.1 Il99ll; lAldcroft et al.lll994l; iReichard et ail 
20031 ; IVestergaardl 120031 ; iTrump et alJ 120061 '). Absorption 
lines with intermediate widths, called "mini-BALs", are just 
as common as BALs (Rodriguez Hidalgo et al., in prep.) 
and appear at a wide range of velocities, bu t only a handful 
of cases have been studied in detail (i.e., iTurn shck 1988: 
Jannuzi etall Il99fj; lHamann etall Il997bl; IChurchill et al 



1999l ; lYuan et alfeOOA [Narayanan et alJl2004l ; lMisawa et al 



20071 ). Mini-BALs could represent a completely different 
type of absorber, or a particular line of sight through the 
same absorbers that we observe in other cases as BALs. 
A better characterization of the physical properties of these 
mini-BALs is therefore necessary to accomplish a more com- 
plete understanding of quasar outflows. 

Of special interest are the cases with extremely large 
speeds because they present the big gest challenge to the- 
oretical models o f the acceleration |Hamann et al.l |2002| ; 
ISabraet al.ll2003h . The few know cases of mini-BALs mea- 
sured in the rest-frame UV at speeds approaching 0.2c (see 
below) might be similar to the extreme high- v elocity features 
reported in X-ray spectra of other quasars (|Chartas et al.l 
I2OO2I ; iPounds et al.ll2003l ; lReeves et alj|2009h . 

Many current models of AGN outflows present the gas 
arising from the accretion disk. It remains unsettled, though, 
how these outflows are launched and driven. Several mech- 
anisms and dynamical models have been proposed to ex- 
plain their origin and how they are ejected fr om the in- 
ner quasar region: line radiation pressure alo ne l|Arav et al.l 



ner q uasar reg ion: line radiation p rcssi 
Il994l : iMurrav et al.1 Il995l; iProga et al 



2000) or combined 



with magnetical forces (de Kool fc Begelmanl l l995l ; I Everett! 



2005; |Proga fc Kallmanl S). Radiate pres^rTs^si: 
play a dominant role as it explains the relation between 
the AGN luminosity and the terminal velocity of the out- 
flow (|Laor fc Brandt! |2002| ). It is also supp orted by the ev- 
idence for "line locking" in a few cases ITurnshekl 1 19881 ; 
ISrianand et~aTll2002l; lHamann et ai]|2010l'). 



Hamann et al.l (|l997al ) reported the presence of a 



C iv AA1548, 1550 mini-BAL outflow system (FWHM of 
the whole profile ~ 1500 km s" 1 ) at a velocity shift of 
v ~ -50000 km s" 1 in the z em ~ 1.96 quasar PG 0935+417. 
This bright quasar (V= 16.2) is rad io-quiet and has an 
emission- line redshift of z em = 1.966 l|Tvtler fc Fan! 1 19921 ; 



iHewitt fc Burbidgd 1 19931 ). Its spectrum characterizes it 
as a non-BAL QSO (zero Balnicity Index, as defined in 
IWevmann et al.lll99ll ) because the outflow velocity is large 
and the velocity width is small. Several methods have been 
used to confirm the outflow nature of the C iv absorber. 
In particular, Keck observations at resolution ~7 km s _1 
confirmed that the mini-BAL profile is "smooth" (i.e., it is 
not composed of many narrow lines) and the refore the large 
FWHM is li kely to have an outflow origin (jHamann et al.l 
Il997al ). Also. [Narayanan et all (|2004T ) reported variability in 
the C iv mini-BAL on time scales as short as ~1 year in the 
quasar rest-frame. We report for the first ti me here that a 
spect rum of PG 0935+417 obtained in 1982 (jBechtold et all 
Il984h reveals the absence of the C iv mini-BAL at a high 
significance. Therefore, this outflow system emerged some- 
time between 1982 and its first reported measurement in 
1993 (see ij2}. This is now just the fourth example of ob- 
servations catching an emerging AGN outflow (see also iMal 
|2002| ; lHamann et aLll2008l ; iLeighlv et aHl2009h . 

The velocity of the PG0935+417 mini-BAL is the sec- 
ond highest flow speed found in the UV spectrum of a non- 
BALQSO. The discovery by Ijannuzi et all l|l996r ) of C iv, 
Nv and Ovi outflowing at —56000 km s _1 in another 
luminous qua s ar, P G2302+029, is the highest. Although 
Ijannuzi et al.l l|l996f ) speculated that the broad-ish absorp- 
tion lines in PG2302+029, with full widths at half minimum 
(FWHMs) between 3000 and 5000 km s" 1 , might be cosmo- 
logically intervening instead of intrinsic to t he quasar (for 
exam ple, due to warm intra-cluster gas, see Ijannuzi et al.l 
1996), more recent observations have shown that these fea- 
tures hav e variable stre ngths (over a couple of years time 
scale, see [jannuzi 2 010h . implying that they form in a dy- 
namic quasar outflow. 

In this paper we present new measurements of 
O vi AA1031, 1037 and N v AA1238, 1242 in th e PG 0935+417 
outflow , measured first in C iv only by lHamann et al.l 
l|l997ah . using archival Hubble Space Telescope (HST) spec- 
tra. We include a search of other ions in the same outflow 
to place limits on the degree of ionization and total column 
density in this outflow. We also expand the variability study 
of the C iv mini-BAL by using more recent spectra from 
the Sloan Digital Sky Survey (SDSS - 2003) and spectra we 
obtained at the Kitt Peak National Observatory (KPNO - 
2007), which enlarges the original rest-frame measurement 
interval from 2 to almost 5 years. We defer discussion of 
other narrower C iv absorptio n systems in the PG 0935+417 
spectrum to a future paper l|Hamannll2oioT) that includes 
higher resolution spectroscopy. 



2 DATA 

Table [1] summarizes the PG0935+417 data used in this 
study. We analyzed spectra previously obtained during four 
observing runs (from 1993 to 1999) using the KAST spectro- 
graph at the 3.0 m telescope at the University of California 
Observatories (UCO) Lick Observatory, with the wavelength 
coverage and resolutions (near those wavelengths of interest) 
shown in Table [T] See Narayanan et al. (2004) for more in- 
formation on these observations and data reductions. We 
verified the wavelength calibrations of these data by using 
spectra with resolution R = A/AA 34000 (~ 0.13 A or 
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Figure 1. Optical spectrum obtained at Lick observatory in 1996. Prominent broad emission lines are labeled across the top. Tick marks 
indicate the location of absorption lines. The C IV mini-BALs lie at an observed wavelength of ~ 3865 A (z a f, 3 ~ 1.496) and ~ 3925 A 
( z abs ~ 1-534). We have marked the location of Si IV and C II, in the same outflow, although we do not confirm their detection. Besides 
that system, we have labeled associated systems at z a j, s = 1.937 and at z a ^ s = 1.465, which are used to reject detections of other ions 
in the absorption sys tem of interes t that could be confused with ions in these systems. Rest wavelength is defined based on the value of 
z e m « 1-966 given in lTvtler fc Fanl il992T) . 



~ 9 km s obtained with HIRES at the 10.0 m telescope 
of th e W. H. Keck observatory on January 1998 ()Hamannl 
|2010| ), already reduced and shifted to vacuum in the helio- 
centric frame. Comparison to intervening absorption lines 
(Fe n A2383 and Mg 11 A2796, A2804) in the Keck spec- 
tra suggested a slight shift of ~ 1 A of the Lick spectra to 
match these narrow absorption lines. The Keck spectra are 
not used further in this work due to the added uncertainty 
in the flux calibrations across the absorption feature. 

To look for the presence of other ions at the same red- 
shift as the C IV mini-BAL, we examined archival Hub- 
ble Space Telescope spectra obtained with the Faint Object 
Spectrograph (FOS) using the G270H grating and a 0.3" 
aperture on 1994 October 7 and 1995 November 13. Four 
exposures in 1995 and one in 1994 provided total exposure 
times of 8910 and 2046 s, respectively. These spectra have a 
resolution R = 1300 (230 km s" 1 ) and were obtained from 
the Space Telescope Science Institute archives already re- 



Table 1. Observation logs 



Observatory 


Date 


A Range 

(A) 


Exp. time 

00 


A„ 
(km/s) 


Lick 


1993 Mar 1 


3250-5350 


1200 


375 1 


HST 


1994 Oct 


2270-3270 


2046 


230 


HST 


1995 Nov 


2270-3270 


8910 


230 


Lick 


1996 Mar 


3250-4600 


2700 


230 


Lick 


1997 Feb 


3250-6000 


2700 


230 


Lick 


1999 Jan 


3250-6000 


3000 


230 


SDSS 


2003 Jan 


3800-9200 


2250 


150 


KPNO 


2007 Jan 


3600-6200 


9000 


200 



1 Date and resolution were incorrect in Narayanan et al. (2004). 
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Figure 2. Ultraviolet spectrum from the HST archive (1994 and 1995 spectra combined). Possible broad emission lines are labeled across 
the top. Tick marks indicate the location of lines that might be present at the z a \, a ~ 1.496 location of interest. The strong absorption 
feature at observed wavelength ~ 2870 A is an unrelated Damped Lya at z a i, s ~1.374. The strong Lyman Limit (LL) at an observed 
wavelength ~ 2250 A corresponds to the also unrelated absorption system at z a i, s ~ 1.465. 



duced and calibrated. We also verified the wavelength cali- 
bration using Galactic absorption lines (Fe n A2383, A2600, 
and Mg n A2796, A2804), which we assumed to be at their 
laboratory wavelengths. The absorption features measured 
with HST did not vary significantly (beyond the noise) be- 
tween the 1994 and 1995 observations. We therefore combine 
all of these spectra to improve the signal-to-noise ratio and, 
hereafter, discuss only the combined HST spectrum. 

The HST data were not taken simultaneously with the 
Lick data (see Table [l]). The two Lick spectra obtained clos- 
est in time to the HST observations are from 1993 and 1996 
(Table [l]). In our analysis that combines the HST and Lick 
measurements, we consider primarily the Lick 1996 spec- 
trum because i) it is temporally closest to the HST data, and 
ii) the C IV mini-BAL profile measured in 1996 is roughly 
similar to the Ovi mini-BAL profile measured with HST. 
We note, however, that the C IV mini-BAL did vary signfi- 
cantly between 1993 and 1996 (see *I3.4|) and therefore some 
unknown amount of variation might have occurred between 
the HST observations in 1994/95 and the Lick measurement 
in 1996. 

Finally, we examined more recent spectra to extend the 
time baseline and monitor the variability of the C IV mini- 
BAL absorption line (see Table [1]). Archival spectra were 
obtained from the Sloan Digital Sky Survey (SPSS) with res- 
olutio n R ~ 2000 (150 km s~ 1 ; lAdelman-McCarthv fe et all 
2008). We also obtained more recent spectra with the Gold- 



Cam spectrometer at the 2.1 m telescope at the Kitt Peak 
National Observatory (KPNO). We used the 26new grating 
to obtain a resolution R ~ 1500 (200 km s _1 ), similar to the 
other resolutions in this study, and sufficient to resolve the 
C IV mini-BAL system. 

The KPNO data were reduced and spectra were ex- 
tracted using packages from the Image Reduction and Anal- 
ysis Facility (IRAF) and our own software (coded in IDL). 
HeNeAr lamps were used for the wavelength calibrations 
and quartz lamps were used for the flat-fields, both located 
inside the spectrograph. We used the overscan region on 
the CCD to subtract the bias. A one dimensional response 
function was sufficient to create an appropriate flat field. 
Relative flux calibrations were performed using KPNO flux 
standards observed on the same night. 



3 ANALYSIS 

3.1 Line Identification 

Figure [Q shows the 1996 optical spectrum of PG0935+417 
with several absorption line systems labeled. The rest-frame 
wavelengths here and elsewhere in this paper are defined re l- 
ative to the redshift z em = 1.966 from lTvtler fe Fan! (|l992h . 
which is based on low-ionization broad emission lines. Thus, 
some amount of blueshift in the higher ionization emission 



lines, such as C i v in Figure 1, can be expected relative to 
this value of z em (|Shen et alj|2007h . 

The C iv mi ni-BAL has a comp l ex, time-variable 
absor ption profile (|Hamann et alj Il997al . iNaravanan et all 
|2004 $£11 below). In the 1996 spectrum shown in Fig- 
ure [T] the strongest absorption component at z abs w 1.496 
(v « 51260 km s _1 ) is accompanied by a distinct weaker fea- 
ture centered at roughly z a bs ~ 1.534 (v « 46820 km s _1 ). 
There are also two much narrower C iv absorption systems 
{zabs ~ 1.465, Zabs ~ 1.93 7). The latter i s an "as sociated" 
system already s tudied in lHamann et all (|l997al ) and dis- 
cussed further bv lHamannl (|2010l ). The former is likely to be 
an unrelated intervening system because it shows a lack of 
variability (see i]3.4[) and its profile at high resolution (in the 
Keck HIRES spectrum) shows a narrow multi-component 
profile. 

We searched the HST spectrum for other lines at the 
redshift of the C iv mini-BAL. Figure [2] shows the com- 
bined HST spectrum with the locations of lines typically 
found in BAL systems marked at the mi ni-BAL redshift 
of Zgb s = 1.496 (see e.g., BAL spe ctra in lHaman ni l 19981 ; 
lArav et al.ll200ll ; lLeighlv et alj|2009h . We detect for the first 
time Ovi AA1031, 1037 and Nv AA1238, 1242 mini-BALs 
in the HST spectra at velociti es very similar to the C iv 
mini-BAL originally reported bv lHamann et al.l(|l997al ). We 
searched for other lines at this same redshift, including, Lya 
A1215, Ly/3 A1026, Oi AA989,1302, C n A1037, 1335, C in 
A977, Nil A1084, Nm A990, Si n AAA1190, 1193, 1260, Si in 
A1207, Si iv AA1394,1403, Pv AA1118,1128, Siv A1063, and 
Svi AA 933,946. No other detections are surely confirmed, 
partly due to the difficulty that the Lya forest imposes, 
and partly due to the poor coincidence in wavelength with 
other ions of the other systems mentioned above. In several 
cases useful for our analysis below (C III, Nm, Pv, Si iv, 
Lya, and Ly/3) we place upper limits on the absorption line 
strengths (see H3.3J1 . The strong absorption feature at an ob- 
served wavelength of ^2885 A is an unrel a ted Damped Lya 
line a t z a i, g = 1.37 (lLanzetta et al.lll995l ; pTurnshek fc Rad 
I2002T ). The Lyman limit at ~ 2240 A (Figure© corresponds 
to the narrow absorption system at z a b s ~ 1.465. There is no 
significant Lyman limit absorption related to the mini-BAL 
outflow system at z a bs ~ 1.496. 

Figure [3] shows the C iv mini-BAL in Lick 1996 spec- 
trum (dot-dashed curve) plotted over the Nv and Ovi ab- 
sorption measured with HST (solid curve) on a velocity scale 
relative to the quasar emission redshift. The two vertical 
lines in each panel represent the Ovi and Nv doublet po- 
sitions at the redshift z a bs ~ 1.496 of the deepest part of 
C iv mini-BAL. Although the Lya forest contaminates the 
Ovi and Nv measurements, the correct doublet separation 
in O VI and the strong and broad absorption evident in both 
lines at the same velocity as the C iv mini-BAL clearly in- 
dicates Ovi and Nv mini-BALs are both present (see also 
Figure [15] and our line profile fits in M3.3I below) . There is 
also evidence, e.g., in Ovi, for absorption related to the 
weaker and lower velocity component of the C iv mini-BAL 
at z abs w 1.534 and v ~ -47000 km s -1 . 

3.2 Continuum Normalization 

To facilitate measurements of the absorption lines, we nor- 
malized the Lick, HST, KPNO and SDSS spectra by fitting 
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Figure 3. Normalized HST spectra showing the high-velocity 
mini-BALs for Ovi and Nv (solid lines), with over-plotted C IV 
from the normalized Lick spectrum (dottcd-dashed lines). The 
brackets above the spectra indicate the C IV doublet locations, 
while the vertical lines show the expected positions of the Ovi and 
Nv doublets at the same velocity as C IV. The velocity scale cor- 
responds to the short wavelength components of the doublets rel- 
ative to the emission redshift. The HST spectrum includes many 
lines unrelated to the mini-BALs (Lya forest). In the case of Nv, 
although strong absorption is present, the doublet appears to be 
blended with Lya forest lines. 



pseudo-continua across the tops of the absorption features. 
In Figure [4] we show the normalization of the Lick 1996 
spectrum. Our goal of measuring the absorption lines re- 
quires us to extrapolate a pseudo-continuum across the top 
of the C iv mini-BAL. This goal is complicated by the fact 
that the absortion is fairly broad and there is weak under- 
lying emission from Oi A1305A and C II A1335A. Thus 
the normalization was achieved in two steps. First, we fit a 
power law to the continuum (resulting in fx oc A -0 ' 8 ), con- 
strained in three narrow wavelength bands free of emission 
or absorption lines available in this spectrum (1272-1276 
A, 1434-1443 A, and 1449-1455 A, in the rest frame of the 
quasar). Second, we fit single Gaussians to all the emission 
lines present around the C iv mini-BAL (e.g., Si II A1263A, 
Oi A1305A, C ii A1335A, and Si iv+Oiv] A1400A). The lo- 
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Figure 4. Normalization of the Lick 1996 spectrum. The solid 
straight line under the spectrum represents a fit to the continuum 
with a power law. Dashed lines represent our fit to Gaussians for 
the following emission lines: Ly«+Nv (right slope), Si II, Ol, 
C II, and Si iv+Oiv] around the C IV mini-BAL, marked with 
an horizontal line under the spectrum. Because the absorption 
feature at the observed A ~ 3925 A appears to be real absorption 
it was excluded from the emission fitting. 



cation of this pseudo-continuum is particularly uncertain in 
the rest-frame region around ~1280-1350 A due to the sev- 
eral parameters that take part in the fitting of the weaker 
emission lines (Si II, Ol and C n). These emission lines were 
fitted through an interactive process: we started the fit al- 
lowing their Full Width at Half Maxima (FWHM) and cen- 
troid z em to be free parameters, and corrected and fixed 
these parameters as we inspected the results of the fits, al- 
though the final parameters did not deviate largely from the 
original inputs. We masked the absorption features and con- 
strained our fits to these emission lines to be redshifted with 
respect to the redshift of the stronger Si iv+Oiv] feature, 
for which the best single-Gaussian fit yields z em = 1.939. 
Our final fits suggested a shift by ~ 300 km s -1 ; this agrees 
well w ith the value z em = 1.966 reported bv lTvtler fe Fanl 
l| 19921 ). which is also based on low-ionization lines (Mg n 
and Lya), and with recent esti mates of the shift s between 
the Siv and Mg n emission lines IjShen et al.ll2007l) . We con- 
strained the FWHM of O I and C n to be narrower than the 
Si iv+Oiv] FWHM, obtaining a FWHM of roughly 60% of 
the Si rv+Orv] FWHM, which agrees with the results of ex- 
tensive fitting of quasar composite spectra (Craig Warner, 
private communication). Finally, a weak additional Gaus- 
sian was used to fit the red wing of the Lya+NvA1240 A 
blend. We would like to note that the expected redshifts 
and FWHMs of the emission lines are used only as a guide 
to obtain a good fit to the unabsorbed spectrum. 

Figure [5] shows our fits to the continuum and emission 
lines in the HST spectra around the N v (top) and O VI (bot- 
tom) absorbers. The Lycv forest makes it difficult to define a 
continuum in these regions. In order to exclude the numer- 
ous unrelated absorption lines in the intervening Lya forest, 
we fit the continua locally around the absorption of inter- 
est and constrained the fits (dotted lines) using only very 
narrow ranges in wavelength (indicated by the solid hori- 



zontal lines above the spectra). Our approach is to i) use 
the lowest order polynomial possible to avoid over-fitting 
undulations in the spectrum that might not be real, and ii) 
adopt a conservatively low continuum height to avoid over- 
estimating the mini-BAL absorption strength, especially if 
there is absorption in very broad wings. In the case of the 
Ovi absorption, we fit the local continuum with a second 
order polynomial. For the Nv absorption (top panel of Fig- 
ure [S]) , we fit a straight line to the continuum and add a 
single Gaussian to represent the Ovi broad emission line. 
The location and shape of this Gaussian is again constrained 
by narrow wavelength ranges not absorbed by the Lya for- 
est. We centered the Ovi emission Gaussian at a redshift 
Zem ~ 1.920, which is consistent with the position of the 
C IV emission line shown in Figure 1 and with the adopted 
redshift of z em ~ 1.966 if we consider the usual trend for 
decreasing redshifts in higher ionization emission lines (see 
above). The FWHM of this Gaussian Ovi emission line is 
~ 9000 km s _1 , consistent with our measurement of the C IV 
emission line (FWHM(C iv) = 9930 km s" 1 ). Although, as 
Figure[5]shows, our final fit to the O VI emission line could be 
stronger and wider in the red wing, we prefer to again adopt 
a conservative approach using a weak and slightly narrower 
Ovi emission line to avoid overestimating the strength of 
the Nv mini-BAL. 

Similar local continua were drawn and used to normalize 
the HST spectrum around the wavelengths corresponding 
to Si IV, and Pv in the mini-BAL system, where low order 
polynomial functions were sufficient. C III, Nm, Lya, and 
Ly/3 lie in regions already normalized for the Ovi and Nv 
absorption (see Figures [2] and [5]) . 

3.3 Line Measurements and Physical Quantities 

The high-resolution s pectrum across the C IV mini-BAL 
l|Hamann et alJl997aT ) indicates that these features are truly 
broad and smooth and fully resolved in the Lick and HST 
spectra discussed here. Thus, we assume the measured line 
intensities at each velocity, v, are given by 

l v = 7 (1 - C f ) + C f I e- T » (1) 

where I is the intensity of the continuum, C/ is the line- 
of-sight coverage f raction (0 < Cf < 1), an d t v is the line 
optical depth (see lHamann fc Ferland|[l999l for more infor- 
mation on coverage fraction). For simplicity, and given the 
blending in the C IV doublet and the confusion caused by 
blends with Lya forest lines in the Ovi and Nv mini-BALs, 
we consider only single values of Cf across the line profiles. 
We also adopt a fitting scheme based on gaussian optical 
depth components defined by 

t v = t e ~bi~ (2) 

where r is the line center optical depth, Av is the velocity 
shift from line center and b is the Doppler parameter. We 
note that the velocity field in the absorption line gas is more 
complex than one or several gaussian r„ distributions. This 
is evident, for example, from the complex absorption profiles 
in Figure [8] and the discussion of the mini-BAL variability in 
i )3. 41 below. Nonetheless, fits with simple gaussians allow us 
to characterize the line strengths, widths and velocity shifts 
in a way that takes into account the blended doublets and 
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Figure 5. Normalization of the HST spectrum (two epochs 
combined) around the Nv AA1239,1243 absorption line (~1035- 
1065 A, in the quasar rest frame) — top — and around the Ovi 
AA1032,1038 absorption line (~860-890 A) - bottom. Horizontal 
solid lines above each spectrum represent the ranges chosen for 
the polynomial fit, which is represented by dotted lines. The con- 
tinuum at the left of Nv (top) also shows a Ovi broad emission 
line, represented as a single Gaussian and extracted from this 
spectrum as well. 



enables comparisons between C IV, Nv and Ovi with their 
different doublet separations. 

Figure [S] shows the fit results for C IV Nv, and Ovi 
in the normalized HST and 1996 Lick spectra. The smooth 
solid curves represent the overall fits, which are combina- 
tions of two doublet pairs (labeled A and B) in C IV and 
three doublets (A, B and C) in Ovi and Nv (dotted curves). 
The doublets were forced to have the correct separations 
and a 2:1 optical depth ratio for the short: long wavelength 
components. Unrelated absorption from the Lya forest were 
masked. Components A and B in C IV are at redshifts 
z a bs = 1.496 and 1.534, respectively. These components are 
also present in Ovi. However, acceptable fits to the Ovi 
profile required i) an additional broad feature (labeled 'C 
in Figure [BJ, ii) a small shift of 60 km/s in the centroid of 
component A compared to C IV (see Table [2] below) , iii) a 
smaller FWHM for component A (compared to this compo- 
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Figure 6. Line fitting to C IV in the 1996 Lick spectrum (top), 
Ovi (middle) and Nv (bottom). Thick lines represent the results 
of the combination of the three components of the absorption (A, 
B, and C - dotted curves). A coverage fraction of Cf = 0.8 was 
used for every component of every ion. The C IV narrow absorp- 
tion feature at bluer wavelengths than the C IV Lick absorption 
is the unrelated system at z ab3 RJ 1.465. 
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nent in C iv) while the FWHM of component B remained 
the same, and iv) Cf = 0.8 to explain the roughly 1:1 ra- 
tio of the Ovi doublet intensities in the resolved profile of 
component A. Based on these results, we adopted Cf = 0.8 
across the entire Ovi mini-BAL and redid the fit to the C iv 
also assuming Cf = 0.8 for consistency^. This change from 
Cf = 1 in C iv had almost no effect on the quality of the fit 
or the derived parameter values in the weaker C iv feature. 
The profile measured in component A of C iv is actually 
consistent with values of Cf from ~ 0.4 to 1.0, which leads 
to ambiguity in the line optical depths (discussed below). We 
use the value of Cf = 0.8, which is derived from component 
A of Ovi, for all ions because it is the only value constrained 
by our data. However, previous studies have found that cov- 
erage fractio ns might be velocity dependent or differ among 
several ions fearlow fc Sargentlll997l; ISamann et al.lll997bl ; 
iTelfer et all 1 19981 ; lHamann et alj |20ich. or the absorber(s) 
can be inhomogeneous |de Kool et al.l |2002| ; lArav et all 
l2005l ; ISabra fc Hamannll2005r i. We address how different Cf 
values would affect some of our results below and in the 
Discussion (JO and $Ojl . 

The Nv mini-BAL is clearly present in the HST spec- 
trum but there is severe blending with unrelated lines in the 
Lya forest. There are also blending problems across the com- 
ponent B absorption in Ovi. The fits to these features are 
therefore poorly constrained. To overcome these blending 
difficulties, we fixed the redshift and Doppler b parameter 
(from which we derive the FWHM value) of component B 
in Ovi and Nv to match the values determined from our 
C iv fit and scale only r to obtain the best possible fit to 
the Ovi and Nv features. Similarly, we forced z a bs and b in 
both components A and C in the Nv feature to have the 
same values as Ovi and scaled only r to obtain the best fit 
to Nv. Our final best fits to the C iv, Ovi and Nv mini- 
BALs assuming Cf = 0.8 are shown in Figure [6] 

Table [2] provides some of the derived line properties, in- 
cluding the Rest Equivalent Width (REW) measured from 
the fits to the entire profiles (thick solid lines in Figure [6]), 
and for each profile component A, B and C the fit centroid 
velocity, v, the FWHM, the ionic column density, Ni 0n and 
the line-center optical depth, t . The last three quantities 
are listed for fits assuming either Cf = 1 or Cf = 0.8. We 
include the measurements based on Cf = 1 for comparison. 
Except for component A of Ovi, values of Ni on and r would 
increase if Cf is smaller than our estimate of 0.8. If any of 
those components is saturated at a Cf < 0.8, these larger 
values of Ni 0n and r would become lower limits. The un- 
certainties in the line measurements are dominated by the 
continuum placement and, for OVI and NV, the amount of 
blending in the Lya forest. We estimate l-cr errors in the 
REW and Ni on measurements based on repeated fits that 
adjust the local continuum height to plausible higher and 
lower values. These continuum adjustments are guided by 
the amount of noise and blending in the spectra across the 
mini-BALs. They do not include changes to the shape of 

1 We also reevaluated our C IV fit to determine if there can be a 
significant contribution from component C, as in the Ovi profile. 
We found that the measured spectrum in C IV, e.g., on the blue 
side of the C component profile at v ~ —52000 to —53000 km s^ 1 , 
does not permit a significant amount of component C absorption 
and therefore this component is not included in the final C IV fit. 



Table 3. Upper limits on lines not detected 



ion 


REW (A) 


Of =0.8 
N io „ (10 15 cm~ 2 ) 


C in 


< 1.3 


< 0.36 


Nra 


< 0.4 


< 0.55 


Pv 


< 0.5 


< 0.09 


Si IV 


< 1.7 


< 0.17 


Lya 


< 1.6 


< 0.5 


Ly/3 


< 0.8 


< 1.57 



the pseudo-continuum across the OVI and NV lines, which, 
as noted in H3.2I are designed to yield conservatively small 
values of the line strengths particularly in the wings. Many 
of the parameters listed for NV and OVI in Table [2] are up- 
per limits because of uncertain amounts of blending in these 
lines with the Lya forest. Two exceptions are the values of 
Ni 0n and r in OVI component A. With the assumption of 
Cf — 1, we derive explicit values for these quantities with 
the caveat that the fit does not match the apparent 1:1 ratio 
in the doublet line strengths. A better fit is achieved with 
Cf = 0.8, which implies line saturation and minimum values 
of N ion and r . 

Note that the components A, B and C are defined only 
for convenience in the HST and Lick 1996 data sets. The 
multi-epoch observations across C iv show that the charac- 
ter of the absorption changes significantly. In particular, new 
features appear and components A and B lose their identity 
altogether in the later SDSS and KPNO spectra, as we will 
discuss later while describing their variability (see sections 
jgH and fOJ). 

As noted in section ETT1 we do not clearly detect absorp- 
tion in C ill, Nm, Pv, Si iv, Lya or Ly/3, at the redshift 
of the C iv, Nv and Ovi absorbers. All of these features 
lie in the Lya forest and in every case some absorption is 
present. Therefore, to place upper limits on the column den- 
sities and set limits on the absorber ionization, we simply 
scale absorption profiles based on the strongest component 
A at z a bs ~ 1.496 for all these ions. We use the same z a bs 
and b parameters as in Ovi for lines in the HST spectral 
coverage, and the same parameters as in C iv for lines in 
the Lick spectra. To place upper limits on these lines, we 
increase the component A optical depth until it was obvi- 
ously contradicted by the data at the wavelengths of interest. 
Figure [7] shows examples of these upper limits and Table [3] 
includes the results obtained by this method. 

We also place an upper limit for the strength of the Ly- 
man limit accompanying the mini-BAL at z a b s ~ 1.496 (see 
FigEJ). The Lyman limit for this system is not detected. 
The sharp absorption edge at 2250 A (observed) in Figf2] 
belongs to an unrelated intervening absorption system at 
Zabs ~ 1.465 (see FigfT]). We conservatively estimate that 
the Lyman limit at the redshift of the strongest mini-BAL 
component (A) has a maximum optical depth of txl<0.2 
(at ~ 2276 A observed, Fig[2]). This corresponds to a max- 
imum H I column density of ~ 3 x 10 16 cm -2 , which is 
consistent with the much smaller upper limits we derived 
from the Lyman lines (Table [3}. 
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Table 2. Results of the profile fitting of C IV, Nv, and Ovi. 













C/=l 






C /= 0.8 




ion 


REW 


comp 
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FWHM 


N, m 




FWHM 


N, m 






(A) 




(kni/s) 


(km/s) 


(10 15 cm" 2 ) 




(km/s) 


(10 15 cm" 2 ) 




C iv 


3 ,33+0.14 


A 


51260 


1180 


547+ ' 011 
" ° -0.012 


0.18 


1180 


719+ - 016 
-0.017 


0.25 






B 


46820" 


1580" 


090+ 007 


0.03 


1580" 


115+0 008 
Ui -0.013 


0.04 


Nv 


<5.2 


A 


51320 6 


660 6 


< 0.6 


< 0.24 


680 6 


< 0.8 


< 0.33 






B 


46820" 


1580" 


< 0.2 


< 0.03 


1580" 


< 0.2 


< 0.04 






C 


50860 c 


2500 c 


< 1.1 


< 0.11 


2540 c 


< 1.6 


< 0.16 


Ovi 


7 g + 0.4 
' -0.3 


A 


51320 b 


720 6 


2 41+ 015 
* -0.15 


0.7 


780 6 


> 8.2 


> 2.8 






B 


46820" 


1600" 


< 2.26 


< 0.16 


1600" 


< 0.72 


< 0.08 






C 


50860 c 


2510 c 


< 0.63 


< 0.07 


2540 c 


< 2.8 


< 0.2 



and c parameters are locked together (see text). 



3.4 New Results on the mini-BAL Variability. 

Multi-epoch observations across the C IV feature show vari- 
able absorption across a range of velocities in the outflow. 
The first published spectr um of PG0935+417, recorded in 
1982 l|Bechtold et al.lll984h . shows no evidence for the mini- 
BAL feature. It appeared sometime between the observed 
epochs of 1982 and 1993. We estimate that the mini-BAL 
was at least ten times weaker in the 1982 observation com- 
pared to its maximum measured strength in 1996 (Fig. 1; 
INaravanan et al]l2004h . This mini-BAL is th erefore another 
example of an emerging q uasar outflow (c.f.. lHamann et al.l 
120081 . iLeighlv et al.l l2009h . It has remained present (albeit 
variable) up to at least 2008 (Rodriguez Hidalgo et al., in 
prep.). 

Figure [8] sh o ws tw o of the spectra included in the 
iNaravanan et al.l (|2004T l study (Lick 1993 and 1996) and 
more recent data from the SDSS (2003) and KPNO (2007). 
These spectra are plotted after dividing by an estimated lin- 
ear continuum (excluding all emission and absorption lines) 
to show better the absorption line changes. We note that in 
defining this continuum we ignored the entire spectral region 
that might encompass mini-BAL absorption, from rest wave- 
lengths ~ 1290 - 1350 A (underlined in Figure^, due to the 
complexity of the absorber, the wavelength range limits of 
which are uncertain, and the possible changes of the emis- 
sion lines in that region. Unfortunately, this implies that 
both emission and absorption line changes are shown to- 
gether in Figure [8] Nonetheless, inspection of other spectral 
regions with emission lines (such as C IV and Si iv) indi- 
cates no or small changes. Thus, the variability across the 
absorption region of interest, marked by the horizontal bar 
and labeled C iv mini-BAL in Figure [8] is likely dominated 
by the mini-BAL and not by changes in the weak underlying 
emission lines. 

In the 1996 spectrum, we identify distinct mini-BALs 
in C iv that we labeled A and B (Figure[6|. However, these 
features evolve and lose their identities altogether in subse- 
quent observations. The two most recent spectra show that 
the variability has continued. The most dramatic changes oc- 
curred between 1999 (where the absorption f eature is similar 
to th e one in 1996, just slightly weaker, see INaravanan et al.l 
120041 ') and 2003 (~ 1.3 years in the quasar rest-frame). The 
SDSS 2003 spectrum shows that the absorption profile iden- 
tified as A in the 1996 spectrum in Figure [6] has almost com- 
pletely disappeared and the absorption previously identified 



as B has increased in both strength and width. Between 2003 
and 2007, the absorption remains quite similar in strength, 
and there is only a change in the maximum depth, which 
shifts from v ~ —47000 km s -1 in the 2003 spectrum to 
v ~ -49000 km s" 1 in the 2007 one. Similar shifts in the 
centroid velocit y were reported betwee n the previous Lick 
observations in INaravanan et al.l |2004l 'l. 



4 DISCUSSION 

4.1 Ionization and Total Column Density of the 
Outflow 

We parameterize the degree of ionization in the outflow gas 
based on the ionization parameter, U, which is the dimen- 
sionless ratio of hydrogen-ionizing photons at the illumi- 
nated face of a cloud to the total hydrogen density. We 
estimate values of U and the total hydrogen column den- 
sity, Nh, by comparing the measured column densities in 
Tables 2 and 3 (with C/ = 0.8) to theoretical predictions 
for a gas that is in photoionization equilibrium with a nom- 
inal qua sar spectrum and op tically thin in the Lyman con- 
tinuum jHamann et alj 12010). The theoretical results from 
lHamann et al.l (|2010|) use the n umerical code Cloudy, de- 
scribed by Ferland et al.l Jl998f). We assu me that the gas 
has solar abundances ( Asplund et al.ll2009h . 

Figure [9] shows the theoretical values of U and Nh that 
are consistent with the measured value of Ni 0n in C iv com- 
ponent A (dotted curve), the lower limit on Ni 0n in Ovi 
component A (dash-dot curve), and the upper limit on H I 
(solid curve). The arrows on the Ovi and H I curves point 
to regions of the diagram that are consistent with the lim- 
its on these ionic column densities. The region between the 
Ovi and H 1 curves, between roughly —0.5 < log (7 < +0.9, 
represents the range of parameters that are consistent with 
both the lower limit on Ovi and the upper limit on H I. 
The dotted curve representing the direct measurement of 
C iv marginally intersects this "allowed" region of the di- 
agram near log U « —0.5. This leads to our best estimates 
of the ionization, log U ~ —0.5, and total column den- 
sity, Nh ~ 5 x 10 19 cm" 2 . We note, however, that this 
comparison of the C iv results to Ovi and H I is uncer- 
tain because of several factors. First, the data were not 
obtained simulateously (Sj2| and the profiles differ ( c|3. 3[) . 
Second, a metallicity different from solar would shift the 



10 



E 0.5 




-55 -50 
velocity (1000 km/s) 




0.0 



-55 -50 
velocity (1000 km/s) 

Figure 7. Upper limits to C III (top), Lya (middle) and Pv 
(bottom) absorption lines based on b and z a i, s parameters of com- 
ponent A in Ovi. 



vertical positions of the C IV and Ovi curves in the fig- 
ure without shifting the H I curve. For example, if we as- 
sume a metallicity of twice solar, which might be more ap- 
propriate for quasar environments and specifically quasar 
outflows (e.gjHamann fc Ferlandl 19991 ; iDietrich et alj|2003l; 
iHamann et all 20081 ). the C iv and Ovi curves would both 
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Figure 8. Variability in the high velocity C IV AA1548,1551 
feature (~3850-3900 A in observed wavelengths) over a period 
of fourteen years (4.7 years in the quasar restframe). Emis- 
sion+continuum around the absorption troughs has been divided 
by a linear fit to show only variations in absorption, although 
there may be some remaining emission in the region around of 
the C IV mini-BAL. The absorption feature at ~ —50000 km s _1 
in the SDSS and KPNO spectra seems weaker than in previous 
spectra. However, the component outflowing at a slightly lower 
v (~ —47000 km s —1 , ~3920 A in observed wavelength) seems 
stronger and wider in the two most recent spectra. 
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Figure 9. Theoretical values of N H and U in the PG 0935+417 
outflow derived from the lower limit on TV(Ovi) (dash-dot curve), 
the direct measurement of N(C iv) (dotted curve), and the upper 
limit on JV(H i) determined from Lyo (solid curve). Where the 
three lines converge, we find our best estimates of these parame- 
ters: log U ~ -0.5 and N H ~5x 10 19 cm -2 . 



shift downward in Figure [9] by 0.3 dex in \ogN H . This shift 
would reduce our best estimate of Nh by roughly a factor of 
two but it would reduce the allowed range in log U by only 
about 0.1 dex, to log U ~ —0.6. Finally, if C iv and/or H I 
have different values of C/ (see i]3.3|l their curves would shift. 
For example, if C/ (C iv) were 0.4, the C iv curve in Figure 
[9]would shift upwards by 0.4 dex in log Nh ■ Then, this curve 
and the Ovi curve would intersect around Nh ~ 6.5 x 10 19 
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cm~ 2 and log U ~ —0.7. On the contrary, if C/(C iv) were 
1, the shift would occur downwards by a mere 0.12 dex in 
log Nh, and the intersection of the C IV and Ovi curves 
would happen at a similar Nh than for the case of Cf = 0.8, 
while there would be a slight increase in log U to ~ —0.45. 

4.2 Kinematics and the Nature of the Absorber 

The mini-BALs detected in C IV, Nv and Ovi span out- 
flow velocities from roughly —45000 to —54000 km s . 
Our measurements of the Nv and Ovi features confirm 
the identification of the C IV mini-BAL and provide ad- 
ditional constraints on the nature of this outflow. A com- 
parison of the C iv to Ovi and Nv lines, in 1996(Lick) 
and 1994/1995(HST) respectively, also suggests that the 
amount of absorption at different velocities has an ioniza- 
tion dependence. In particular, the narrow component (A) 
is narrower in Ovi (FWHM ~ 750 km s _1 ) than in C iv 
(FWHM ~ 1200 km s _1 ) and the Ovi and Nv absorption 
features require an additional broad feature (component C 
with FWHM ~ 2500 km s" 1 ) to fit both profiles 
These differences might be affected by the line variabilities 
since the spectra were taken at different times (~1.5 months 
apart in the quasar rest frame). However, we note that the 
Ovi absorption did not change significantly between the 
two HST observations in 1994 and 1995, and although the 
C iv line measured did vary from 1993 to 1996, in both 
cases it had a consistently broader component A and no very 
broad component C. Finally, all three ions show absorption 
at lower velocities (component B in Figure [5]), which is best 
matched by an absorption profile with v ~ —47000 km s _1 
(z aba ~ 1.534) and FWHM ~ 1600 km s" 1 . 

Our analysis is based on our best estimate for the cov- 
erage fraction (Cf = 0.8). This value was derived from the 
mild saturation of component A in O VI (see i|3.3[) . The Ovi 
absorption occurs at wavelengths away from the broad emis- 
sion lines and therefore the absorber must partially cover 
the quasar continuum source, which at these wavelengths 
(~870 A in the rest frame of the quasar) should have 
a radius of approximately 0.005 pc if the emission arises 
from an optica lly thick, geometrically thin accretion disk 
|Petersonlll997l ). We derive this estimate of the continuum 
size assuming i) the luminosity is L ~ 6 x 10 47 erg s _1 for 
PG0935+417 based on the observed flux at 1450 A (rest- 
frame) in the absolute flux-calibrated SDSS spectra, a cos- 
mology with Ho = 71 km s _1 Mpc, Q, M = 0.27, fi A = 0.73, 
and a bolometric c o rrection factor L ~ 4.36ALa(1450A) 
|Warner et all |2004 lHamann et~al] 1201(f ), ii) the central 
black hole mass is M B h ~2x 10 10 M© based on the FWHM 
of the C iv emission line and ALa (1450A) (jWarner et al.l 
l2003l ; IVestergaard fc Peterson] l200ff ). and iii) the radiative 
efficie ncy of the disk is r\ = 0.1. As I Vestergaard fc Peters"onl 
(2006) point out, because Mbh is obtained by mass scaling 
relationships it could be off by an order of magnitude, thus it 
should be taken as a crude estimate. An increase/decrease 
of one order of magnitude of Mbh would result in dou- 
ble/half our estimate of the continuum size. The value for 
the accretion efficiency factor of 77 = 0.1 is also uncertain 
but l ikely to be of the right order of magnitude jPetersonl 
Il997f ). Therefore, the observed partial coverage indicates 
that the characteristic size of outflow absorbing structures 
that cause this partial covering by Ovi in PG0935+417 is 



~0.005 pc based on the size of the continuum at the Ovi 
absorbing wavelengths. The absorbing structures could be 
smaller than this if they have a patchy spatial distribution, 
such that the characteristic size derived above represents the 
total projected area of absorbing material across the emit- 
ter. If the absorbing material is inhomogeneous and more 
smoothly distributed across the emission source than patchy 
clouds, then the characteristic size inferred above would rep- 
resent an approximate area over which the absorbe r is opti- 
cally thick in a given line |Hamann fc Sabral 120041 '). In any 
case, partial covering by clouds much larger than the emis- 
sion source seems unlikely because the clouds would need 
to have both extremely sharp edges and fortuitous spatial 
alignments. 



4.3 Variability and Location 

Variability helps to confirm the outflowing nature of this 
absorber. As explained in section i]3.4l the high-velocity ab- 
sorption profiles are complex and highly variable, such that 
the absorption components A and B identified circa 1996 in 
C iv lose their distinct identities in other epochs. In partic- 
ular, they do not have clear meanings in the spectra beyond 
1999. We cannot rule out acceleration/deceleration as the 
cause of these changes, but since the absorption troughs are 
complex and they are not shifting as discrete well-defi ned 
components (as it was reported in iGabel et al. 1 12003! and 
lHall et alj|2007h . we do not interpret the line changes in 
terms of acceleration or deceleration. Instead, the profile 
changes appear to be the result of weakening of the ab- 
sorption at some velocities together with a strengthening at 
other velocities. The centroid shifts look more like changes in 
a velocity-dependent t v in a complex absorber rather than 
real changes in the speed of particular gas components in 
the outflow. We will present a more detailed analysis of the 
monitoring of this and other mini-BALs variability in an 
future paper. 

The combined properties of broad smooth absorption 
troughs, line variability on time scales < 1 yr in the quasar 
rest frame, and extremely small clouds implied by par- 
tial covering of the quasar continuum source strongly sug- 
gest that the high velocity abs orption forms in an out- 
flow very near the q uasar (e.g., lHamann et al.l [l997bl and 
lHamann etafl 1201(f ). The variability times, in particular, 
help to provide direct constraints on the absorber location 
jHamann et al.lll997bl l. If the flow is photoionized and close 
to ionization equilibrium, and the line changes are caused by 
small changes in the ionizing flux, then the recombination 
time sets an approximate limit on the outflow gas density: 
Tree ~ — - — , where ov is the recombination rate coefficient 
for C iv in this case, and n e is the electron density. Us- 
ing the shortest variability time that we measure (~1 yr, in 
the quasar rest frame) as an upper limit for the recombi- 
nation time, with a value fo r a r of 2.8 x 10 -12 cm -3 s _1 
jArnaud fc Rothenfluelll985t ) for C iv (assuming this is the 
predominant C ion which is likely at log U > —0.5), we 
obtain a minimum electron density nn > 1.1 X 10 4 cm -3 . 
This, in turn, yields a maximum distance between the ab- 
sorber and the quasar emission sou rce because the ioniza- 
tion parameter scales like U oc — ^-y (|Naravanan et al 12004 
lHamann fc Simonllioioh . where L is the quasar luminosity, 
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n h ~ n e is the absorber density, and r is the radial distance. 
Thus, we derive a maximum distance of r < 1.2 kpc using 
log (7 > -0.5 and n H > 1.1 x 10 4 cm" 3 . 

If, on the other hand, the mini-BAL changes are caused 
by clouds moving across our lines o f sight to the c ontin - 
uu m source, as proposed recently by IHamann et all (|2008l ) 
and lHamann et all (|2010h . then the transverse speeds (per- 
pendicular to our sightlines) must be large enough to cross 
a significant portion of the far-UV emission source in the 
variability time. In a scenario where the absorber has a sim- 
ple shape and is homogeneous, we can expect a significant 
variation of the absorption profile when the absorber has 
crossed half of the path in front of the continuum source. 
The smallest observed variability time, ~1 yr, and the con- 
tinuum region diameter at the wavelengths of the high ve- 
locity absorbed, D1300 ~0.02 pc, require transverse veloc- 



ities Vtr 



10000 km s _i to cross half of the continuum 



source. Assuming this transverse speed equals the Keple- 
rian speed for the absorber's location relative to the center 
of mass, it can help constrain the location of the outflow 
and it would locate the absorber at a radius of r < 0.9 
pc. Thus, this would place the outflow outside or in the 
vicinity of the C IV BE L region radius (-Rbelr ~ 0.5 pc; 
IHamann fc Simonll2010l), as current models se em to locate 
it (|Proga et al.ll2000l ; lKurosawa fc Proga|[2009l) . 

While both scenarios are plausible, we would like to 
note that changes in the ionizing flux might have difficulties 
to provoke the range of complex profile changes we observe. 
Continued monitoring can test these scenarios because sim- 
ple ionization changes should l ead to repeating patt erns of 
variability, as those observed in lMisawa et alj <|2007f ). 



4.4 Comparisons to other quasar outflows 

Mini-B ALs are almost as com mon in quasar spectra as 
BALs (|Rodrigu cz Hidalgcl |2009| ; Rodriguez Hidalgo et al., 
in prep.). Mini-BALs might be produced in the same gen- 
eral outflow as BALs, but viewed along different lines of 
sight to the continuum source. For example, they might ap- 
pear along sightlines farther above the accretion disk, that 
miss the main part o f the BAL flow nearer the disk plane 
l|Gangulv et al.1 l200lh . IHamann et al.1 |2008) proposed that 
instabilities and filamentary absorbing structures residing 
near this ragged edge of the BAL flow could provide a natu- 
ral explanation for the dramatic variability observed in some 
high-velocity mini-BALs and detached BALs. Perhaps this 
picture applies to the mini-BAL outflow in PG0935+417. 

The most puzzling aspect of this outflow is its extreme 
high speed, nominally around —50000km s _1 . While mini- 
BAL outflows overall are fairly common, observed speeds 
\v\ > 50000 km s" 1 are extremely rare. Mini-BALs with 
speeds \v\ > 25000 km s _1 are found in only ~ 2.6 ±0.5% of 
optically selected quasars, compar ed to ~ 9.9 ±0.7% having 
mini-BALs at \v\ < 25000 km s" 1 (|Rodriguez Hidalgoll2009l ; 
Rodriguez Hidalgo et al., in prep). Nonetheless, there does 
not appear to be anything unusual about PC 0935±417 that 



Obtained also from eqn. 3.18 and 3.21 in iPetersonl l|l997t) . sim- 
ilarly to what we did in i|4.2l for the continuum around the Ovi 
absorption. 



would produce an unusually fast flow. It does have a high lu- 
minosity, but the Eddington ratio is very modest, L/LEdd ~ 
0.2 (based on our value of Mbh ~2x 10 10 M Q , §4.2). It is 
also radio-quiet, it has a standard blue spectral shape and 
ordinary looking broad emission lines for a luminous quasar. 

One interesting property of PC 0935±417 is that it 
appears to have much less X-ray absorption than typical 
BAL quasars. In particular, Rodriguez Hidalgo (in prep.) 
shows that PC 0935±417 has a two point spectral index 
between 2500 A and 2 keV in the rest frame of a ox ~ - 
1.71 based on a measurement with the X-ray Multi-Mirror 
Mission (XMM) in 200 7. This value of a ox is typical of 
quasars without BALs (ISteffen et al ] 120061 ; IChartas et alj 
120091 ; iGibson et all l201Ch 7 but it is much less steep than 
BAL quasa rs where the X-ray flux is sev erely suppressed by 
absorption l|Gallagher et al.ll2002l . 12006). Explicit fits to the 
X-ray spectrum of PG 0935±417 indicate that the amount 
of X-ray absorption is limited to Nh < 2 x 10 22 cm" 2 at 
90% confidence or N H < 4 x 10 22 cm" 2 at 99% (for an 
equivalent neutral absorber). This upper limit on the X-ray 
absorption in PG 0935±417 is at least several times smaller 
tha n the lower limits de rived typically for BAL quasars (see 
also iMathur et ail |200Ch . 

These results from the X-ray observations have im- 
portant consequences for the structure and acceleration of 
quasar outflows. One common view is that the outflow gas 
is accelerated by radiation pressure behind a thick radiative 
shield that blocks m uch of the X-ray and far-UV flux from 
the c entral quasar (|Murrav et al. 1 1 19951 ; iMurrav fc Chiang! 
[1997]). If the shield is not present or not optically thick 
enough, the outflow gas can become too ionized and too 
transparent to be driven radiatively to high speeds. We 
might expect, therefore, that an extreme high-velocity flow 
like the one in PG 0935±417 should be accompanied by X- 
ray absorption that is at least as strong as BAL quasars 
(where the typical flow speeds are 2 to 3 times smaller than 
PG 0935±417). Indeed. [Gallagher et al] l[2006h report a ten- 
tative trend among BAL quasars for stronger X-ray absorp- 
tion in sources with higher maximum flow velocities. How- 
ever, the observations of PG 0935±417 demonstrate that 
extremely high outflow speeds can be achieved even if the 
amount of X-ray absorption is at most moderate (or perhaps 
absent altogether). 

This situation is similar to other mini-BAL out- 
flows , which generally have weak or absent X-ray absorp- 
tion jMisawa et al.1 1206II IChartas et al]|2009l ; IGibson et ail 
l2010h . but the extreme speeds in PG 0935±417 present a 
more serious challenge to our theoretical unde rstanding of 
how these outflows work. IChartas et al.1 l|2009l ) favor a sce- 
nario in which the mini-BAL gas follows curved trajectories, 
such that it was accelerated in a thickly shielded environ- 
ment but now appears along sightlines to the quasar that are 
relativ ely free of X-ray absorption. However, IHamann et al.l 
ll2010h noted that the observed ionizations in mini-BALs are 
just like typical BALs, even though mini-BALs do not reside 
behind a strong radiative shield. Therefore, radiative shield- 
ing in the X-rays and far-UV is not essential to moderate the 
outflow ionization and, evidently, it is also not essential for 
the radiative acceleration of quasar outflows to high speeds. 

Finally, it is interesting that the C IV mini-BAL re- 
mained at approximately the same velocity (with no appar- 
ent acceleration or deceleration, §4.3) throughout the ob- 
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servation period from at least 1993 to 2007, corresponding 
to >4.7 years in the quasar frame. At a nominal speed of 
— 50000 km s" 1 , the distance traveled by the outflow gas 
during this time is roughly 0.24 pc. This is a significant frac- 
tion of the maximum radial distance of the flow, r < 1 pc, 
derived above for clouds crossing our lines of sight (§4.3). 
If the observed mini-BALs do form in blo bs or filaments 
creat e d via instabilities in the inner flow (|Hamann et al.l 
|200S| ; H amann et al.l |2010| ). perhaps resembli ng the flow 
struc t ures seen in some numeri cal simulations (|Proga et al.l 
l2000l : iKurosawa fc Progal [2009h . then this dramatic mini- 
BAL variability is expected as these structures dissipate or 
evolve significantly during observing periods that approach 
the flow crossing time of tf ~ r/v < 18 yrs. Continued 
monitoring of the mini-BALs in PG 0935+417 should pro- 
vide valuable constraints on the location and basic nature 
of these unusual outflow structures. 



5 SUMMARY AND CONCLUSIONS 

Energetic outflows are common phenomena in AGN that 
could help us understand the mechanisms that power the 
central engines and, perhaps, provide feedback to the host 
galaxy's evolution. We present new measurements and anal- 
yses of outflow absorption lines in spectra of the quasar 
PG0935+417 (z em « 1.966). This quasar shows an extreme 
high- velocity C IV mini-Broad Absorption Line (mini-BAL) 
outflowing at ~ —50000 km s _1 . We detect, using Lick ob- 
servatory, Hubble Space Telescope, and Sloan Digital Sky 
Survey sp ectra, absorption in C iv A A1548, 1550 (already re - 
ported in lHamann et af1ll997al and iNaravanan et alj|2004h 
and, for the first time in this outflow, in Nv AA1238, 1242 
and Ovi AA1031, 1037 in this mini-BAL system. We also 
present new results on the outflow variability. 

• Ionization and Total Column Density. Our measure- 
ments and limits on iV(Ovi), N(C iv) and iV(Lya) indicate 
that the outflow has ionization log U ~ —0.5 and total col- 
umn density of Nh ~ 5 x 10 19 cm -2 (see Figure [9]), within 
some uncertainties The absence of lower ionization 
lines (where we place also upper limits) confirms that the 
flow is highly ionized. 

• Kinematics and Absorber Structure. The C iv, Nv, and 
Ovi absorption profiles are detected across a range of ve- 
locities from -45000 to -54000 km s" 1 . Table [2] shows our 
measurements of REW, velocity, FWHM, Ni 0n and r for 
line components we identified in the particular epoch of the 
1996 Lick and 1994/1995 HST observations. The resolved 
component A of Ovi indicates that the lines are moder- 
ately saturated with the absorber covering just ~80% of the 
background continuum source. Since the Ovi absorption oc- 
curs at wavelengths away from the broad emission lines, this 
partial covering result implies that the absorber must have a 
characteristic size smaller than the quasar continuum source, 
which we estimate to have a radius of roughly 0.005 pc. 

• Variability and Location. The high-velocity mini-BAL 
profiles are complex and highly variable, from the time the 
outflow emerged (between 1982 and 1993) to the most recent 
observation (2007). The shortest observed variability time is 
approximately 1 year in the quasar rest-frame. If the vari- 
ability is caused by changes in the ionization, this timescale 



results in a location constraint of r < 1.2 kpc from the con- 
tinuum source and a density of nn > 1.1 x 10 4 cm -3 . How- 
ever, if the variability is cauqsed by motions of absorbing 
clouds across the line of sight, the maximum radial distance 
is only r < 0.9 pc. 

• The Nature of the Outflow. Extreme high- velocity out- 
flows like the one in PG 0935+417 present unique challenges 
to our understanding of the physics behind the quasar out- 
flow phenomenon. Outflows at these speeds are rarely de- 
tected in quasar spectra, but they might be common in 
quasars if the gas subtends just a small fraction of the sky 
as seen from the central continuum source. PG 0935+417 
does not appear to have any unusual properties (compared 
to other quasars) that might explain the rare occurrence of 
an extreme outflow in this quasar. The absence of strong 
X-ray absorption in PG 0935+417 is in marked contrast to 
BAL quasars but typical of other quasars with mini-BAL or 
NAL outflows. It suggests that a change from the standard 
paradigm of quasar outflows is needed, namely that strong 
radiative shielding in the X-rays and far-UV may not be 
important for the acceleration of the gas to high speeds. 
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